Glutamate is a major excitatory neurotransmi er present in the central nervous system. The glutamate/cystine antiporter system x c -connects the antioxidant defense with neurotransmission and behaviour. Overactivation of ionotropic glutamate receptors induces neuronal death, a pathway called excitotoxicity. Glutamate-induced oxidative stress is a major contributor to neurodegenerative diseases including cerebral ischemia, Alzheimer's and Huntington's disease. Curcuma has a wide spectrum of biological activities regarding neuroprotection and neurocognition. By reducing the oxidative damage, curcumin a enuates a spinal cord ischemia-reperfusion injury, seizures and hippocampal neuronal loss. The rat pheochromocytoma (PC12) cell line exhibits many characteristics useful for the study of the neuroprotection and neurocognition. This investigation was carried out to determine whether the neuroprotective eff ects of curcumin can be observed via the glutamate-PC12 cell model. Results indicate that glutamate (20 mM) upregulated glutathione peroxidase 1, glutathione disulphide, Ca 2+ infl ux, nitric oxide production, cytochrome c release, Bax/Bcl-2 ratio, caspase-3 activity, lactate dehydrogenase release, reactive oxygen species, H 2 O 2 , and malondialdehyde; and downregulated glutathione, glutathione reductase, superoxide dismutase and catalase, resulting in enhanced cell apoptosis. Curcumin alleviates all these adverse eff ects. Conclusively, curcumin can eff ectively protect PC12 cells against the glutamate-induced oxidative toxicity. Its mode of action involves two pathways: the glutathione-dependent nitric oxide-reactive oxygen species pathway and the mitochondria-dependent nitric oxide-reactive oxygen species pathway.
Introduction
Glutamate is a major excitatory neurotransmi er present in the central nervous system (1) . The glutamate/ cystine antiporter system x c -transports cystine into cells in exchange for the important neurotransmi er glutamate at a ratio of 1:1 (2) . Glutamate exported by system x c -is largely responsible for the extracellular glutamate concentration in the brain, whereas the imported cystine is required original scientifi c paper for the synthesis of the major endogenous antioxidant, glutathione (2) .
Excess extracellular glutamate level could induce brain lesions and other pathological changes in several organs associated with endocrine function (3) . Overactivation of ionotropic glutamate receptor induces neuronal death, a pathway called excitotoxicity coined by Olney (3) .
The existing data reveal that oxidative stress is a causal factor in the neuropathology of several adult neurodegenerative disorders (4) . Apart from that, high level of extracellular glutamate could induce oxidative stress, contributing to neurodegenerative diseases by stimulating the generation of reactive oxygen species (ROS), mitochondrial hyperpolarization and lipid peroxidation in neuronal cells (5) . Physiopathologically, glutamate-induced excitotoxicity involves a combination of ferroptosis, necrosis and the mitochondria-associated apoptosis-inducing factor (AIF)-dependent apoptosis (5) . Etiologically, glutamate-induced excitotoxicity has been implicated in the pathogenesis of many central nervous system (CNS) diseases, including cerebral ischemia, Alzheimer's disease (AD), Huntington's disease (HD), epilepsy, and amyotrophic lateral sclerosis (6) .
Curcuma (Curcuma longa Zinziberaceae), a well known herbal spice widely distributed in India, Indonesia, Malaysia and Southwest China, is popularly formulated in curry (Fig. 1a) , whereas curcumin (diferuloylmethane; Fig. 1b ) (7) is frequently found in European diet. Phytotherapeutically, curcumin exhibits a wide spectrum of biological and pharmacological activities regarding neuroprotection and neurocognition.
Preclinically, curcumin alone or curcumin in combination with quercetin has been shown eff ective for treating spinal cord injury by reducing the oxidative damage (8) (9) (10) . Curcumin a enuated the spinal cord ischemia-reperfusion injury in rabbits by reducing the oxidative damage (10) . It inhibited hippocampal neuronal loss (11) and bipolar disorder (12) . In conjunction with stem cell therapy, curcumin synergistically improved recovery from acute traumatic spinal cord injury (SCI) (13) , underlying the potential regenerative action of curcumin if appropriately mediated by the neural stem cells. Benefi cial protection of axons from degeneration by suppressing the local neuroinfl ammation is also a ribu ed to curcumin (14) . Curcumin rescued α-synuclein-induced cell death (15) . By targeting histone deacetylase (HDAC), curcumin promisingly prevented apoptosis and improved motor defi cits in Parkinson's disease (PD) in rat model (16, 17) .
Curcumin modulated the growth of several tumour cells through regulation of multiple cell signalling pathways like the cell proliferation pathways (cyclin D1 and c-myc), cell survival pathways (Bcl-2, Bcl-xL, cFLIP, XIAP and c-IAP1), caspase activation pathways (caspase-8, -3, and -9), tumour suppressor pathways (p53 and p21), death receptor pathways (DR4 and DR5), mitochondrial pathways, and protein kinase pathways (JNK, Akt and AMPK) (18) .
More relevantly, curcumin has been shown to eff ectively inhibit the glutamate release from rat prefrontocortical nerve terminals by reducing the voltage-dependent Ca 2+ entry and controlling the synaptic vesicle recruitment and exocytosis through the suppression of MAPK/ERK activation and the synapsin I phosphorylation (19) . It is worth mentioning that despite the lower bioavailability, the therapeutic efficacy of curcumin against various human diseases like cancer, cardiovascular diseases, arthritis, neurological diseases, Crohn's disease (20) and diabetic neuropathic pain (21) has also been documented.
There still lacks data on biological and pharmacological eff ects of curcumin; therefore, we have conducted an experiment with the PC12 cell model to establish whether curcumin can exhibit the potential therapeutic activity to protect the neurons from glutamate-induced injury. The major relevant mechanism of action regarding the curcumin therapy in the glutamate-induced PC12 cell damage model was pertinently examined.
Materials and Methods

Chemicals
Curcumin (grade A, 95 % purity) was purchased from Hangzhou Greensky Biological Tech Co., Ltd (Suzhou, PR China). Aluminium trichloride hexahydrate (AlCl 3 ·6H 2 O), 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), aprotinin, ammonium persulphate, butylated hydroxytoluene (BHT), bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), (7) di methyl sulphoxide (DMSO), -glutamic acid, peroxidase, poly--lysine hydrobromide, phenylmethylsulfonyl fl uoride (PMSF), sulphanilamide, sodium dodecyl sulphate, 1,1,3,3-tetramethoxypropane (TEP), 2-thiobarbituric acid (TBA), trichloroacetic acid (TCA), Trypan Blue solution, Tween 20 and oxidized glutathione were all provided by Sigma-Aldrich Co. (St. Louis, MO, USA).
Preparation of reagents
Preparation of glutamate solution
The modifi ed method of Kawakami et al. (22) was adopted to dissolve glutamic acid. Briefl y, the required amount of glutamic acid was fi rst dissolved in incomplete medium. A er the pH was adjusted to 7.0, the solution was stirred to facilitate the dissolution and fi ltered through a 0.2-µm Micropore fi lter (Bangalore, Karnataka, India). The fresh fi ltrate was used for further analyses.
Preparation of stock curcumin solution
Curcumin (2.8 mg) was accurately weighed, dissolved in 1.5 mL of DMSO, and stored in the brown coloured Eppendorf vial (Sigma-Aldrich Co.) maintained at -20 °C for use. For experiment, the stock solution was diluted with the medium to obtain diff erent concentrations of test solutions.
Preparation of complete medium
To each 500 mL of RPMI 1640 cell culture medium, 10 % horse serum, 5 % heat-inactivated fetal bovine serum (FBS, previously inactivated at 56 °C for 30 min to eliminate the complement), 1 % antibiotics (100 IU of penicillin and 100 mg of streptomycin) and 1 % glutamine were added. A er thorough mixing, the medium was stored at 4 °C in an ice box. For experiment, the medium was rewarmed to 37 °C before use.
Preparation of incomplete medium
To each 500 mL of RPMI 1640, 1 % antibiotics (100 IU of penicillin and 100 mg of streptomycin), and 1 % glutamine were added, mixed well and stored at 4 °C in an ice box. The medium was rewarmed to 37 °C immediately before use. Briefl y, the PC12 cell line was incubated in the complete RPMI 1640 medium and incubated at 37 °C under 5 % CO 2 atmosphere until 80 % confl uent. To cultivate the subculture passage, 15 mL of the cell culture were transferred into the centrifuge tube and centrifuged at 1250×g for 5 min. The supernatant was removed. The sediment pellets were rinsed twice with phosphate-buff ered saline (PBS) and centrifuged at 1250×g for 5 min each time. The fi nal supernatant was removed. A volume of 3 to 4 mL of complete culture medium was added to the rinsed cell pellets. Unless otherwise stated, all culture plates were previously coated with 0.1 mg/mL of polylysine and le to stand for 24 h before the seeding of the cells.
Cultivation of PC12 cell line
Cell viability aff ected by the glutamate-induced cytotoxicity
To each well, PC12 cells were seeded at a density of 10 4 cell/well and incubated at 37 °C under 5 % CO 2 atmosphere until completely adhered. The medium was changed to incomplete culture media that contained 0.0, 1.0, 5.0, 10.0, 15.0 and 20.0 mM of glutamate. The culture was inspected at 24 and 48 h. At each set point, MTT (0.5 g/L) was added (note: the reaction vessel should be kept in the dark to avoid the direct sunlight). Cultivation was continued at 37 °C under 5 % CO 2 atmosphere for 2 to 4 h to facilitate the reaction. The supernatant containing non-reacted MTT was removed. To each well, DMSO (200 µL) was added to dissolve the purple crystalline formazan. The absorbance was read with ELISA Reader (ClarioStar, BMG Labtech Japan Ltd., Saitama, Japan) at 570 nm. Cell viability was calculated according to Eq. 1:
where A s is the absorbance of the sample, and A c is the absorbance of the control.
Cytotoxicity of curcumin to the PC12 cells
The protocol used for this experiment was conducted similarly as mentioned above. Instead of glutamate, 0.0, 1.0, 5.0, 10.0 and 50.0 µM of curcumin were used. The cell viability was calculated according to Eq. 1.
Protective eff ect of curcumin against the glutamate--induced cytotoxicity
The PC12 cells were seeded at a density of 10 4 cells/ well and incubated for 24 h until adhesion. The medium was changed to the incomplete media containing curcumin at 0.0, 1.0, 5.0, 10.0 and 50.0 µM. To each plate, 20 mM of glutamate were added and the incubation was continued for 48 h. The MTT assay was conducted as mentioned above. The inspection point was set at 24 and 48 h to inspect the viability in the presence and absence of curcumin, and the cell viability was calculated according to Eq. 1.
Determination of the glutathione content
To 2·10 6 PC12 cells separately harvested from the three experiments mentioned above, 400 µL of ice-cooled PBS were added and homogenized on ice. The homogenate was centrifuged at 12 000×g for 30 min at 4 °C. The obtained supernatant was transferred into a 1.5-mL microcentrifuge tube, to which 100 µL of TCA (5 %, containing 1 mM of EDTA) were added and mixed well. The solution was cooled on ice for 20 min and centrifuged at 12 000×g for 30 min at 4 °C. The supernatant was separated and the glutathione (GSH) content was assayed with the Glutathione Assay Kit (Cayman Chemical Co., Ann Arbor, MI, USA) according to the manufacturer's instructions. The level of GSH was expressed in nmol per mg of protein.
Assay of the activity of glutathione peroxidase
Methods described by Mantha et al. (25) were followed for the assay of glutathione peroxidase (GPX). One unit of GPX is defi ned as the amount of enzyme that causes the oxidation of 1 nmole of NADPH to NADP + per min at 25 °C and pH=8.0. The activity of GPX was expressed as mU per mg of protein (25).
Assay of the activity of glutathione reductase
Procedure described by Mohandas et al. (26) was followed to determine the activity of glutathione reductase (GR). The molar absorption coeffi cient of NADPH of 6.22·10
3 M -1 cm -1 measured at 340 nm was used for the calculation of GR activity.
Determination of the calcium infl ux
The protocol used to determine the intracellular calcium ion level was carried out as previously described by Chang et al. (24) . The fl uorescence was excited at the wavelength of 488 nm and the intensity of emission was taken at 532 nm. The untreated sample was taken as the control. On the other hand, 100.0 mg of authentic calcium oxide (Wako Pure, Osaka, Japan) were accurately weighed and dissolved in 10 mL of mixed solvent (HCl/acetic acid=1:4). The standard solution was used to establish the calibration curve from which the intracellular calcium ion concentration was obtained. The experiments were repeated with triplicate samples.
Determination of the total intracellular reactive oxygen species
The method for the determination of total intracellular reactive oxygen species (ROS) was carried out as previously described by Chang et al. (24) . The chemifl uorescence was excited at the wavelength of 488 nm and the emission was taken at 532 nm. The untreated sample was taken as the control (27). The determination was repeated with triplicate samples and the total ROS were calculated.
Determination of the cytochrome c release
The assay for determination of cytochrome c was conducted using the Mitochondria Isolation Kit for Tissue Cultured Cells (Amsbio LLC, Lake Forest, CA, USA) according to the instructions given by the manufacturer.
Isolation of mitochondria
To 2·10 6 PC12 cells harvested from the three experiments as mentioned above, 1 mL of ice-cooled PBS was added, agitated with a vibrator for 1 min, and centrifuged at 600×g for 10 min. Rinsing was repeated twice and the supernatant was discarded. Mitochondrial Isolation Buffer (MIB 1×, 2 mL; Sigma-Aldrich Co.) was added to the cell pellets and homogenized on ice. The homogenate was transferred to a centrifuge tube and centrifuged at 600×g for 10 min at 4 °C. The supernatant was separated, transferred to a microcentrifuge tube, recentrifuged at 12 000×g for 15 min at 4 °C, and then discarded. The precipitate was resuspended in 0.5 mL of MIB (1×) and homogenized. The homogenate was transferred to a new microcentrifuge tube and centrifuged at 600×g for 10 min at 4 °C. The supernatant was separated, centrifuged at 12 000×g for 15 min at 4 °C, and then discarded. The precipitate was suspended in 50-100 µL of Mitochondrial Storage Buff er (Sigma-Aldrich Co.) and stored on ice for use (as mitochondrial pellet).
Lysis of mitochondria
To obtain the mitochondrial enzyme proteins, the mitochondrial pellet was resuspended in 100 µL of lysis buff er K105-25 (BioVision Inc., Milpitas, CA, USA) with protease inhibitors. The proteins conjugated with mitochondria were thus obtained, and the amount of conjugates required for experiment ranged between 0.5 and 1.0 mg/mL. The enzyme sample was stored at -80 °C for use.
Assay of the enzyme activity
To 850 µL (1×) of enzyme assay buff er, 100 µL of mitochondrial protein (the enzyme sample) and 50 µL of ferrocytochrome c substrate were added. The initial absorbance was read at 550 nm fi ve seconds a er the beginning and then the readings were repeated every 10 s.
To calculate the activity of cytochrome c oxidase in the samples, the linearity developed at the largest slopes was used, from which the maximum rate was obtained from Eq. 2:
where α is the activity (unit per mL), V s is the volume of sample (mL), ∆A is A s -A c , X is fold of dilution, A s is the change of absorbance of the sample per min, A c is the change of absorbance of the control per min (usually within 0.001-0.003), 21.84 is the diff erence of molar absorption coeffi cient (∆ε m ) at 550 nm between ferrocytochrome c and ferricytochrome c. The relative activity was expressed in percentage in relation to the control.
Determination of the release of lactate dehydrogenase
To 2·10 6 PC12 cells harvested respectively from the three experiments as mentioned above, 1 mL of PBS was added, homogenized on ice and centrifuged at 14 000×g for 10 min at 4 °C. The supernatant was transferred into a microcentrifuge tube and frozen to -80 °C. The residual cell debris was rinsed twice with fresh PBS, each time using 2 mL of fresh PBS. The rinses were centrifuged at 14 000×g for 10 min at 4 °C. The supernatant and the rinses were combined, frozen to -80 °C and immediately delivered to the Biomedical Center (Taichung, Taiwan) for assay of the lactate dehydrogenase activity, which was expressed in mU per mL.
Assay of the activity of superoxide dismutase
The determination method for superoxide dismutase (SOD) activity was conducted according to the manufacturer's instructions (Cayman Chemical Co.). The absorbance was read at 450 nm. The activity of SOD was expressed in U per mg of protein.
Assay of hydrogen peroxide content
Method instructed by Cell Biolabs Inc. (San Diego, CA, USA) was followed to carry out the assay of hydrogen peroxide content. The absorbance of the fi nal solution was read at 620 nm against the blank. The authentic hydrogen peroxide (Cell Biolabs Inc.) was used to establish the calibration curve, from which the content of H 2 O 2 was calculated and expressed in nmol per mg of protein.
Determination of the thiobarbituric acid reactive substances
The assay for thiobarbituric acid reactive substances (TBARs) was carried out according to the protocol previously reported by Chang et al. (23) . Alternatively, the product formed from malondialdehyde (MDA) reacting with thiobarbituric acid exhibits a molar absorption coeffi cient ε 532 =1.56·10 5 M −1 cm −1 at 532 nm (28), from which the amount of MDA in the sample can also be calculated. The level of MDA was expressed in µmol per µg of protein.
Determination of nitric oxide
The determination of nitric oxide (NO) was carried out as previously described (24). The absorbance was measured at 552 nm with an ELISA microreader (ClarioStar, BMG Labtech Japan Ltd.). Similar experiments were repeated in triplicate. The obtained data were statistically analyzed. The level of NO was expressed in µmol per mg of protein.
Western blo ing
The Western blo ing for anti-β-actin, anti-Bcl-2, antiBax, cytochrome c, and anti-cleaved caspase-3 was carried out as previously described by Chang et al. (24).
TUNEL assay
The terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labelling (TUNEL) assay was carried out as previously described by Chang et al. (24) .
Statistical analysis
ANOVA was done using statistical analysis system SPSS v. 10.0 (SPSS Inc., Chicago, IL, USA) so ware to analyze the variances. Duncan's multiple range tests were used to test the signifi cance of diff erences between paired means. Data were presented as mean±standard deviation. Signifi cance of the diff erence was determined by a confidence level of p<0.05.
Results and Discussion
Eff ect of glutamate, curcumin and combined therapy on the cell viability
Brain tissue contains an unusually high concentration of glutamate, approx. 5-15 mmol/kg (29). Most of this glutamate is found in neurons. Its concentration in the cytoplasm of glutamatergic neurons is approx. 5-10 mM (29-33).
The estimated content of intracellular glutamate in brain reported by Tossman and Ungerstedt (34) is 10 mM, while that of extracellular glutamate concentration reported by Bouvier et al. (35) is about 0.6 mM. Excess glutamate at concentrations 1-20 mM inhibited cell viability in a dose-and time-responsive manner (Fig. 2a) . Cao et al. (36) indicated an EC 50 of 5 mM for glutamate-induced injury of PC12 cells. By interpolation, the EC 50 of glutamate was approx. 17 mM (Fig. 2a) . Hence, glutamate level at 20 mM was adopted in our experiment. Literature data report ambient glutamate concentrations of 1-4 µM in vivo (37) (38) (39) . If glutamate was present tonically at low micromolar concentrations, many receptors, especially the high-affi nity N-methyl--aspartate (NMDA) receptors (or NMDARs), would be activated or desensitized, resulting in substantially altered neuronal excitability. A recent study of Herman and Jahr (40) indicated that the baseline concen tra tion of glutamate is much lower, near 25 nM, in hip pocampal slice, suggesting diff erent sensitivity of diff erent cell lines to glutamate that may depend on the cell type, source of cells, the function of cells and the environment under which the cells are cultured.
At lower doses, curcumin seemed to be a cell-proliferating agent (Fig. 2b ). Higher dose of curcumin, e.g. ≥50 µM, inhibited cell viability (Fig. 2b) . The inhibition reached 30 and 63 % at 24 and 48 h, respectively. By interpolation, the EC 50 of curcumin for PC12 cells was approximated to be 50 µM (Fig. 2b) . Curcumin in the cotherapy (with 20 mM of glutamate) dose-and time-dependently protected the viability of PC12 cells up to 5 µM. The eff ect declined starting with 20 mM of glutamate and 10 µM of curcumin, drastically at doses ≥20 µM (Fig. 2c) . In reality, the results indicated in Fig. 2 were not contradictory to each other. We selected the concentration of glutamate of 20 mM to insult the PC12 cells. Although curcumin alone at 10 µM was proved to be cell-proliferating (Fig. 2b ), yet it counteracted the glutamate (20 mM)-induced injury. As a consequence, part of its effi ciency at 10 µM was lost and the cell viability slightly declined with cotherapy of 10 µM of curcumin and 20 mM of glutamate (Fig. 2c) . Apparently, curcumin exerted its eff ects by increasing cell survival in toxic environment, and not by activating the cell proliferation.
Mendonça et al. (41) demonstrated that curcumin at doses of 1.36-348 µM signifi cantly reduced the total frequency of micronuclei induced by cisplatin. This fact implicated that a low dose of curcumin could be eff ective to alleviate the glutamate oxidative toxicity. In contrast, high er doses of curcumin were required for treatment of cisplatin genotoxicity (41) . Literature suggests that determining the cytotoxic and genotoxic/antigenotoxic eff ects of such a frequently used antioxidant in a neuronal model is important to assess possible hazards when combined with other chemical agents, including chemotherapy drugs used in cancer therapy (41) .
Curcumin alleviated the glutamate-suppressed cell viability in a dose-dependent manner up to 5 µM (Fig. 2c) . On the other hand, higher concentration of curcumin was cytotoxic (14) . At a dose ≥10 µM, a substantially suppressive eff ect occurred (Fig. 2c) , suggesting that the biological interactions vary with the molar ratio of glutamate to cur-cumin, which was also consistent with the results of Mendonça et al. (41) . The bioeffi ciency of curcumin against glutamate-induced injury was approx. 4000 (20 mM glutamate/5 µM curcumin), which means a single curcumin molecule was able to protect against the adverse eff ect elicited by 4000 glutamate molecules. As can be seen in Fig. 3 , the cell viability was greatly reduced by glutamate--induced insult (20 mM) (middle panel), while curcumin at 5 µM was shown to substantially protect the cell viability (lower panel) when compared with the control (upper panel).
Eff ect of glutamate and curcumin on glutathione peroxidase and related oxidative defense system
Glutamate activated glutathione peroxidase (GPX) and at the same time suppressed the activity of glutathione reductase (GR), resulting in increased glutathione disulphide (GSSG) and reduced glutathione (GSH) ( Table  1 ).
The change of GPX and GSSG was 2.52-and 2.11-fold. Simultaneously, the levels of GR and GSH were suppressed to 2.3 mU per mg of protein and 2.6 nmol per mg of protein, respectively, compared to the respective control values of (9.4±0.6) mU per mg of protein and 8.5 nmol per mg of protein ( (Table 1) . Treatment with curcumin apparently ameliorated most of these defects ( Table 1) . Current literature data indicate that a decrease in GSH levels, the main redox regulator, can be observed in neurodegenerative diseases as well as in schizophrenia (42) . The major transcription factor that regulates GSH metabolism is the ubiquitously expressed protein NF-E2-related factor 2 (Nrf2) (43, 44) . Several key enzymes of GSH metabolism are transcriptionally regulated by Nrf2, including the catalytic and regulatory subunits of glutamate-cysteine ligase (GCL), GSH synthase, GPX2, glutathione-S-transferases (GST), and GR (43) . Hence, Nrf2 is thought to represent a key transcriptional regulator of GSH metabolism. As mentioned, glutamate induces cell death via two distinct pathways: the glutamate excitotoxicity and the oxidative glutamate toxicity (3). Glutamate oxidative toxicity triggers the expression of the cysteine-glutamate antiporter system and eventually leads to Glutamate stimulated the production of intracellular ROS and reduced the cell viability (middle panel), which was eff ectively alleviated by curcumin (5 µM) (lower panel). The intracellular ROS were assayed with 2',7'-dichlorofl uorescine diacetate (H 2 DCFDA) fl uorescence imaging GSH depletion and cell death (4, 5) . The oxidative stress--inducible cystine/glutamate exchange system, system x c − , transports one molecule of cystine, the oxidized form of cysteine, into the cells and thereby releases one molecule of glutamate into the extracellular space (45) . The enhanced release of glutamate in exchange with cystine may trigger neurodegeneration due to glutamate-induced cytotoxic processes (45) . Alternatively, the extrinsically added glutamate retards the outward transport of intracellular glutamate, thereby the release of cystine molecules into the intracellular space is inhibited, leading to reduced GSH production (Table 1) . Conversely, increased levels of extracellular cysteine provide a reducing microenvironment required for proper cell signalling and communication, e.g. as already shown for the mechanism of T cell activation (45) . It is noteworthy that the cystine/glutamate exchanger (xCT) can provide neuroprotection by enhancing glutathione export from meningeal cells and even non-neuronal cells such as astrocytes. Furthermore, xCT is critical for cell proliferation during development in vitro and possibly in vivo (46) . Other reports also indicated that curcumin increased GSH levels in astrocytes and neurons by increasing the activity of the rate-limiting synthesizing enzyme, GCL (42) . The modifi er subunit of GCL, GCLM, is essential for the upregulation of GCL activity induced by curcumin (42) .
Eff ect of glutamate and curcumin on the Ca 2+ infl ux, the release of cytochrome c and LDH, and nitric oxide production
Glutamate induced severe Ca 2+ infl ux, cytochrome c release, lactate dehydrogenase release, and substantial nitric oxide production. The intracellular Ca 2+ ion concentration increased abruptly to (350.5±21) vs. control (118±17) nmol per mg of protein (Table 1) , yielding a change of 2.98-fold. Regarding other parameters, the changes were shown to be (control vs. the glutamate-induced, respectively): cytochrome c ((100±5) vs. (189±11) %), LDH release ((313±1) vs. (614±1) mU/mL)), and NO ((26±2) vs. (35±3) µmol per mg of protein). Curcumin eff ectively alleviated most of these changes except the LDH release and the total ROS (Table 1) .
Oxidative glutamate toxicity may activate a cell death pathway involving mitochondrial dysfunction and the generation of oxygen radicals, which subsequently stimulates the intracellular calcium transport (3).
Curcumin suppressed Ca 2+ infl ux and reduced NO production ( Table 1 ). Doroshenko and Doroshenko (47) and Stridh et al. (48) suggested that the infl ux of extracellular Ca 2+ may pass through the L-type Ca 2+ channels mediated by oxidative stress which results from the depletion of GSH following the inhibition of glutathione reductase, similar to our results (Table 1) . Astroglia treated with 30 µM of curcumin increased the cellular content of GSH in parallel to elevated basal and stimulated Ca 2+ effl ux (48) . Curcumin remodelled the coupling of antioxidant enzyme system of SOD, hydrogen peroxide, catalase, and glutamate peroxidase disturbed by glutamate (Table  1) . When glutathione is depleted and GPX is unable to remove H 2 O 2 , the accumulated H 2 O 2 evokes cell apoptosis (49) . We also showed that the increased level of MDA caused by glutamate-induced injury was eff ectively ameliorated by curcumin (Table 1) . Prakobwong et al. (50) demonstrated that curcumin suppresses proliferation and induces apoptosis in human biliary cancer cells through modulation of multiple cell signalling pathways. The data shown in Table 1 also reveal such a tendency. In addition, Bal-Price et al. (51) reported that neuronal NO is involved in the signalling pathway of the NMDA receptor in the central nervous system (CNS). Low concentrations of NO increase cell proliferation via cGMP, while high concentrations of NO block proliferation via inhibition of both glycolysis and respiration, causing energy depletion (51) . Mitochondria are involved in both types of NO-induced cell death: necrosis by respiratory inhibition and apoptosis by opening the permeability transition pore (52) . Yuyama et al. (53) and Pytlowany et al. (54) demonstrated that NO at (0.01-0.10) mol/m 3 caused a signifi cant increase of apoptosis-inducing factor (AIF) protein level in mitochondria, chromatin fragmentation and condensation.
Conversely, higher level of NO (0.5 mol/L) together with cyclooxygenases and lipoxygenases synergistically induced massive cell death (54) . Moreover, curcumin signifi cantly downregulated the ratio of Bax/Bcl-2 (Fig. 4a) and the cleaved caspase-3 protein (Fig. 4b) increased by glutamate. Results by other researchers (55) report that substantial decrease in the ratio of Bax/Bcl-2 in reality implicates an increased ability of Bcl-2(+) cells to maintain mitochondrial pyridine nucleotides in a reduced redox state under conditions of oxidative stress induced by Ca 2+ , similar to our results (Table 1) .
Overall, the oxidative glutamate toxicity can be a component of the excitotoxicity cascade (56) . Observed increase in calcium ions and subsequent reactions, including NO production, are characteristic of excitotoxicity (56) . Along with ionotropic and metabotropic glutamate receptors, the cystine/glutamate antiporter x c -may play a critical role in CNS pathology (56) . High levels of extracellular glutamate inhibit the import of cystine, resulting in the depletion of glutathione and a form of cell injury called oxidative glutamate toxicity (56) .
Eff ect of glutamate and curcumin on the expression of caspase-3
The caspase-3 activity was upregulated up to 1.6-fold when insulted by glutamate, which was completely alleviated by curcumin (Figs. 4b and 5 ). Modifi ed TUNEL assay consolidated such benefi cial outcomes (Fig. 5) .
Cai et al. (57) suggested caspase-3 to be a key executioner caspase involved in neuronal apoptosis, which is closely associated with the progression of Alzheimer's disease and other neurological diseases. The activity of caspase-3 is controlled by the mitochondria-and death receptor-dependent pathways (58) . Caspase activation can be triggered by the release of cytochrome c from the mitochondria in response to several apoptotic stimuli including neurotoxins (59) . Active caspase-9 causes cleavage and activation of downstream caspases, e.g. caspase-3 (59).
Alternatively, cell death induced by physiologically low concentrations of NO can be mediated by ROS production in mitochondria, most likely resulting from the inhibition of cytochrome c oxidase, with ROS acting as an initiator of caspase-independent cell death. NO mediated by ROS can deplete GSH (53).
More recently, curcumin in conjunction with stem cell therapy synergistically improved recovery from severe acute traumatic spinal cord injury (SCI) (60) , underlying, in some instances, the neuroregenerative action of curcumin to be mediated through the neural stem cells. Fig. 6 shows the summarized therapeutic bioactivity of curcumin.
It is worth mentioning that even though curcumin may reveal promising therapeutic properties against a diversity of neurodiseases (20), the drawback of its application is its low bioavailability. To improve this, numerous approaches have been undertaken which involve the use of: (i) adjuvant-like piperine that interferes with glucuronidation, (ii) liposomal curcumin, (iii) curcumin nanoparticles (20), (iv) curcumin phospholipid complex, and (v) structural analogues of curcumin (e.g. EF-24) (20). The last has the advantage of rapid absorption by intestine and a longer half-life in plasma (20).
Thus, to enhance the bioavailability of curcumin in treating human neurodiseases, such a promising natural product, either curcumin or curcumin analogue, is highly recommended.
Conclusions
High level of glutamate tends to upregulate the serum level of GPX, GSSG, caspase-3 activity, stimulate the NO production, Ca 2+ infl ux, cytochrome c release and LDH release, and elevate the Bax/Bcl-2 ratio, the formation of ROS, H 2 O 2 and MDA. Conversely, high level of glutamate downregulates glutathione reductase, GSH, SOD and catalase, resulting in enhanced cell apoptosis. Curcumin can alleviate all these adverse eff ects. Taken together, curcumin can eff ectively protect PC12 cells against the oxidative glutamate toxicity, and apparently its mode of action involves two pathways: the GSH-dependent NO--ROS pathway and the mitochondria-dependent NO-ROS pathway. Fig. 6 . Summarized biological eff ects of curcumin in rescuing the PC12 cell apoptosis induced by glutamate: curcumin protective activity against glutamate-induced injury through two pathways: the GSH-dependent NO-ROS pathway and the mitochondria-dependent NO-ROS pathway, which actually involves the enhancing of GPX cycle (reaction 1 and 2) to restore the reduced glutathione, increasing the antioxidant defensive capability, and protecting the mitochondrial damages by inhibiting calcium ion infl ux (reaction 3) and subsequent cyt c release (reaction 4), the NO production (reaction 5), downregulating the Ca 2+ -induced complex I inhibition (reaction 6), the ratio Bax/ Bcl-2 (reaction 10) and cleaved caspase-3 (reaction 11) to avoid apoptosis. In parallel with this, curcumin alleviated the NO--ROS-caspase-independent pathway (reaction 5 14 15 16) and oxidative lipid peroxidation (reaction 20 21 12 (13) 22 23 24) to protect PC12 cells from apoptosis. CAT=catalase, Cur= curcumin, Cyt c=cytochrome c, -glu=-glutamate, GSH=glu tathi one, GPX=glutathione peroxidase, GR=gluta thi one reductase, GSSG=oxidized glutathione, MDA=malon dial de hyde, NOS=ni-tric oxide synthase, NO=nitric oxide, PT pore=permeability transition pore, ROS=reactive oxygen species, SOD=superoxide dismutase
